ABSTRACT A wideband and high-gain rectangular dielectric resonator antenna (RDRA) with corrugated walls is introduced. By generating corrugation in two opposite sidewalls of the RDRA, the radiation intensity from them compared to that of the top wall increases, which in turn will raise the boresight gain of the antenna. Also, the presence of the higher air content in the antenna body lowers the effective dielectric constant of the RDRA, leading to a wideband configuration. For demonstration, the proposed antenna is designed, fabricated, and measured. The measured results show that the proposed antenna radiates in the broadside direction with a high gain of 9 dB. Also, a wide impedance bandwidth of 15.3% from 3.57 to 4.16 GHz is achieved. In addition, the radiation efficiency of more than 90% over the whole bandwidth is attained. A good agreement between the simulated and measured results is attained.
I. INTRODUCTION
Dielectric resonator antennas (DRAs) have received much attention due to several attractive characteristics such as light weight, low profile and high radiation efficiency [1] . Even though DRAs have originally been recognized for millimeter wave applications, they are also extensively studied at microwave frequency [2] - [4] . They are appropriate alternatives for compact antennas, such as microstrip antennas. DRAs avoid the intrinsic disadvantages of them, such as high conduction loss at millimeter-wave frequencies and low efficiency due to surface wave excitation [5] , [6] . Moreover, in current microwave systems, the broadband antennas having appropriate gain and good radiation efficiency with compact structure, such as mobile and portable radio devices, are required.
The gain enhancement of DRAs without using an array of elements has been the subject of many investigations, e.g., [7] - [13] . Numerous techniques have been proposed to increase the boresight gain of a DRA, such as the use of electromagnetic bandgap structures (EBG) [7] , a short horn around the DRA [8] , a metallic patch as the superstrate [9] , operation at a higher order mode [10] , anisotropic material in the DRA prism [11] , [12] , and engraved grooves on the side walls [13] . Also, several approaches for bandwidth enhancement of the DRAs have been reported, such as merging two adjacent resonators [14] , decreasing the effective permittivity of the DRA [15] - [20] , and modifying the feed geometries [21] .
The typical gain values for the RDRA operating at its lowest order mode is about 5 dB, when placed on a large ground plane [10] . Recently, it has been shown that by increasing the radiations from the sidewalls of a DRA operating at its fundamental radiating mode, its gain increases [11] - [13] . In [11] , the use of uniaxial anisotropic material inside the RDRA increased the radiations from its sidewalls compared to that of the top wall due to the lowest order TE y 111 mode, which improved the antenna boresight gain. In [12] , the use of uniaxial anisotropic material has been also proved to be very effective for enhancing the boresight gain of a cylindrical DRA operating at its fundamental radiating HEM 11δ mode. In [13] , this increase of the radiation has been obtained by engraving two grooves in two opposite sidewalls of the dielectric prism. The radiation mechanism has been analyzed in [13] , and will not be reported here. The same technique has been adopted in the present work, but instead of a single groove, a periodic sequence of such perturbations is considered. This distributed load gives rise to a similar to the corrugated structure on two out of four sidewalls of the RDRA, hence to a drastic change in the boundary conditions. So, for the first time, a RDRA with corrugated walls is investigated. It is shown that by generating corrugations over two opposite sidewalls of the RDRA, the radiation intensity from these faces compared to the top wall increases, which in turn enhances the boresight gain of the proposed antenna [11] - [13] . In addition, due to the presence of the air in the antenna structure, the effective permittivity of the DRA decreases, which determines an increase in the impedance bandwidth of the antenna.
The paper is organized as follows: In Section II, a brief discussion of the design procedure is provided. In Section III, the measured results of the proposed antenna are presented and compared with the simulated results. A good agreement between these results is attained. Finally, Section IV gives the conclusions. Figure 1 shows the antenna configuration. The proposed DRA is fabricated by placing 12 layers of Rogers TMM13i with the dielectric constant of ε r = 12.2, loss tangent of tanδ = 0.0019 and thickness of d = 1.27 mm onto each other. Note that the air gap between the layers and also between the bottom layer and the ground plane is inevitable. The effect of such an air gap is studied extensively in [22] - [24] . So, its effect on the antenna performance should be studied and quantified.
II. ANTENNA CONFIGURATION
The DRA structure has been parametrized as follows: rectangular radiation aperture of edge-lengths a and b; corrugation depth dx. The antenna is fed through a slot of length l s and width w s positioned in a metallic ground plane. This later lays on a substrate of h = 0.508 mm and characterized by a relative dielectric constant ε r = 3.38. On the opposite side of the dielectric, there is a microstrip line of width w mstrip = 1.15 mm (that will guarantee a 50 characteristic impedance). Input matching is achieved with an inductive stub with the length of l p . Also, the ground plane size is 10 × 10 cm 2 .
The initial dimensions of the antenna are obtained as follows: to account for the effect of the air gap on the resonant frequency of the proposed DRA, the dielectric waveguide model (DWM) [1] is improved by including an effective permittivity ε eff [25] , [26] . The DRA itself is modeled as a complete rectangular prism with the effective permittivity ε eff calculated using the method reported in [25] and [26] . Finally, the antenna performances in terms of the reflection coefficient and gain are optimized. As a result of the optimization, the proposed antenna parameters result to be as follows: a = 30 mm, b = 23 mm, dx = 10 mm, l p = 14 mm, l s = 34 mm, w s = 1.5 mm.
The calculated resonant frequency of the TE y 111 mode is 2.7 GHz. The resonant frequency is also obtained by the eigenmode solver of HFSS which does not consider the feed effects. The calculated resonant frequency of the HFSS eigenmode solver is 3.5 GHz. The discrepancy between the simulated and calculated resonant frequencies is mainly due to the irregular shape of the DRA, and to the fact that in the DWM method the overall DRA has been considered as made up of the effective dielectric constant, while this is valid only on part. Since the central part of the DRA exhibits a higher value of the dielectric constant ε r > ε eff , the resulting resonant frequency (computed by this model) is expected to be lower. However, even though the DWM method is not so accurate here, but is still useful for the prediction of the first guess of the resonant frequency.
To ensure that the fundamental mode is excited and the gain enhancement is not based on the well-known technique of higher-order modes [10] , the proposed DRA is analyzed by the eigenmode solver in HFSS. The eigenmode solver gives resonant frequency and field distribution of all modes, which can be excited in the DRA (without explicitly considering the excitation). To analyze structures with open boundaries such as antennas in the eigenmode solver of HFSS, the structures should be surrounded by perfect matched layer (PML) boundary. PML is an artificial absorbing layer, used to truncate computational region. The eigenmode solver can also calculate the unloaded quality factor of the different VOLUME 7, 2019 modes of the DRA. Because the use of ports and sources are not allowed in the eigenmode problems, the Q calculated does not contain losses due to those sources. Once the simulation is done in the HFSS, the type of the modes and the number of their indices can be identified from the E-and H-field distributions inside the DRA. It is observed in Fig. 2 that there is no higher-order mode with broadside radiation within the frequency range 3.5-4.2 GHz. Fig. 2(a) shows the electric field distribution of TE y 111 mode. It is noted that the electric field intensity on the sidewalls of the DRA where the corrugations have been applied is much stronger than that of the top wall. Also, the electric field distribution in Fig. 2(b) is due to the TE z 011+δ mode with non-broadside radiation pattern [3] .
Observe in Fig. 2(a) that, the strength of the Ez component normal to the air-dielectric interface in the corrugation regions is increased to satisfy the continuity condition [13] . By enforcing the normal E field boundary condition across the interface between the dielectric parts of the DRA and the corrugations, a relation between the electric fields in both regions at the interface can be obtained.
where E air and E die are the z-components of the electric fields inside the corrugation and the DRA, respectively. Also, ε r = 12.2 is the dielectric constant of the DRA. As shown in equation (1) and Fig. 2(a) , E air is stronger than E die . Note that the electric field inside the DRA at the top segment has nearly the same strength as that of the vicinity of the interface. Therefore, it can be expected that by increasing the corrugation depth, the strength of the electric field in the corrugations will increase because of the increase in the length of the interface between the DRA and the corrugations. A parametric study is conducted to examine the effect of DRA dimensions on the antenna performance. In the study, only one parameter is varied at one time, i.e., without changing any other parameters. This study has been performed using CST Microwave Studio.
The reflection coefficient and gain of the antenna are computed for different values of the gap height g as shown in Fig. 3 . The structure is simulated by considering the air gaps between the layers and also between the bottom layer and the ground plane. Observe in Fig. 3(a) that the air gap thickness substantially affects the input impedance of the antenna. So that, by increasing it, the reflection coefficient changes considerably. Also, by increasing the gap thickness from gap = 0 to gap = 0.1 mm, the antenna gain is increased. This happens because the field intensity over the sidewalls increases. But, a further increase in the gap thickness, does not considerably change the boresight gain. Note that, the air gap thickness of gap = 0.15 mm is considered in the simulations in order to optimize the antenna performance. This value for the air gap is chosen based on the measurement results, so that by considering it a good agreement between the simulation and measurement results is attained. Different values of the air gap thickness between the bottom layer of the DRA and the ground plane [22] - [24] and also between the layers of the DRA [27] have been reported. It ranges from 0.02 mm to 0.152 mm. Fig. 4 shows the variation of the reflection coefficient and gain along with the operating frequency with the change in corrugation height, dx. Observe in Fig. 4(a) that, there are two minima in the reflection coefficient curve. These two minima correspond to the TE y 111 mode of the DRA and to the slot. Note that, the lower minimum points of reflection coefficient curves move towards the lower frequencies for higher heights of corrugation (dx), whereas the upper are relatively stable. So, one can conclude that, the lower minima are related to the TE y 111 mode of the DRA and the upper ones are related to the slot. Also, observe in Fig. 4(b) that, increasing the corrugation height from dx = 0 to dx = 10 mm results in an increase in the peak gain from 7.6 dB to 9.1 dB as well as an upward shift in the frequency of maximum gain of the antenna. However, a further increase in dx will not considerably change the gain.
In [11] and [13] , it has been shown that the far-field radiation patterns of the RDRA operating in the TE y 111 mode can be calculated by replacing it with equivalent magnetic surface current densities over the side and top walls. Then, it has been proven that the radiation pattern due to these current densities over the sidewalls of the RDRA is more directive than those flowing on the top wall in the boresight direction (θ = 0 • ). Consequently, by increasing the radiation intensity from the sidewalls compared to the other walls of RDRA, its overall directivity in the boresight direction can be improved. On the other hand, considering the relation between the magnetic surface current density and tangential electric field relative to the interface of the dielectric and air, in order to increase the magnitude of the magnetic surface current density over the sidewalls the magnitude of the electric field should be increased. Figure 5 shows the electric field distribution of the TE y 111 mode at 3.7 GHz obtained using CST MWS. Observe that, by increasing the height of corrugation, the magnitude of the z-component of the electric field at sidewalls is strengthened compared to that of x-component over the top wall of DRA. Thus, an increase in the directivity and gain of the antenna is expected. 
III. MEASURED RESULTS
A prototype of the proposed antenna is fabricated and tested, to validate the results of the simulation. Fig. 6(a) shows the prototype of the proposed antenna mounted on the test fixture in the anechoic chamber. Also, Fig. 6(b) shows the side view of the DRA. Note that, there are some misalignments between the layers, which are because of the fabrication difficulty of the proposed structure (many small pieces controlled by hand, that could also slide during the solidification process of the glue). The measured and simulated reflection coefficients are shown in Fig. 7 . As previously mentioned, the existence of the air gaps between the dielectric layers is inevitable. So that, observe in Fig. 7 that, by considering the air gap thickness of To fix the dielectric layers onto each other and also the bottom layer on the ground plane, a commercially available adhesive material with the permittivity of 2.2 − j0.022 is used [33] . As shown in Fig. 8 , the glue is only applied in the vicinity of the sidewalls of the notched region. The width and height of the applied glue layers are denoted as W glue and h glue . Fig. 9 shows the effect of the glue width on the reflection coefficient and boresight gain of the DRA. Note that the values of the other parameters of the antenna are as mentioned earlier. Also, the thickness of the glue is chosen to be h glue = 0.15mm. However, observe that as the glue width is increased, the reflection coefficient worsens. On the other hand, decreasing the glue width leads to the fabrication complexity. Therefore, a tradeoff must be made between the impedance bandwidth and manufacturing difficulty. Thus, the width of the glue is considered to be W glue = 2mm. Also, as shown in Fig. 9 (b) , changing the glue width does not have considerable effect on the boresight gain of the antenna. Fig. 10 depicts the change in the simulated reflection coefficient and boresight gain of the corrugated DRA with the variation of the glue thickness, h glue . Observe in Fig. 10 (a) that decreasing the thickness of the glue layers worsens the impedance bandwidth of the antenna. So, the glue thickness is determined to be 0.15 mm. Also, observe in Fig. 10 (b) that, the boresight gain of the antenna is slightly affected by the glue thickness.
The normalized far field radiation pattern (dB) for antenna is presented in Figs. 11(a) and 11(b) . Fig. 11(a) shows the E-field radiation pattern versus θ when ϕ is specified to be 0 • (XZ plane). Also, Fig. 11(b) shows the E-field radiation VOLUME 7, 2019 FIGURE 13. The radiation efficiency of the proposed antenna.
pattern versus θ when ϕ is specified to be 90
• (YZ plane). The antenna radiates broadside in both XZ and YZ planes which is desirable for wireless applications. Also, the measured cross polarization level is 30 dB or more below the copolarization level at boresight direction in both planes. The simulated and measured antenna gains are shown in Fig. 12 . Observe that, a gain higher than 9 dB is obtained over the whole operation band, indicating that the aforementioned corrugation technique can be an efficient method for the gain enhancement. Moreover, the simulated radiation efficiency is more than 90%, as shown in Fig. 13 . The measured results of the radiation efficiency also show a high efficiency of about 90%.
IV. CONCLUSION
A rectangular DRA with the corrugations on its sidewalls is proposed, which has a wide impedance bandwidth, improved gain and a high radiation efficiency. By generating the corrugations, the radiation intensity from the sidewalls of the DRA compared to that of the top wall increases, which in turn enhances the directivity of the antenna. A prototype has been fabricated and verified experimentally. The simulated and measured results are in a close agreement. 
